Femoroacetabular impingement syndrome (FAIS) surgery can produce improvements in function and patient satisfaction; however, data on muscle assessment and kinematics of high mobility tasks of post-operative patients is limited. The purpose of this study was to evaluate kinematics and muscle activity during a deep squat task, as well as muscle strength in a 2-year follow-up FAIS corrective surgery. Eleven cam morphology patients underwent motion and electromyography capture while performing a squat task prior and 2-years after osteochondroplasty and were BMI-, age-and sex-matched to 11 healthy control (CTRL) participants. Isometric muscle strength, flexibility and patient-reported outcome measures (PROMs) were also evaluated. Post-operative FAIS was significantly weaker during hip flexion (23%) and hip flexion-with-abduction (25%) movements when compared with CTRL, no improvements in squat depth were observed. However, post-operative FAIS increased the pelvic range of motion during the squat descent (P ¼ 0.016) and ascent (P ¼ 0.047). They had greater peak activity for the semitendinosus and total muscle activity for the gluteus medius, but decreased peak activity for the glutei and rectus femoris during squat descent; greater total muscle activity for the tensor fascia latae was observed during squat ascent (P ¼ 0.005). Although not improving squat depth, post-operative patients increased pelvic ROM and showed positive PROMs. The muscle weakness associated with hip flexion and flexion-with-abduction observed at the follow-up can be associated with the alterations in the muscle activity and neuromuscular patterns. Rehabilitation programs should focus on increasing pelvis and hip muscles flexibility and strength.
INTRODUCTION
Cam-type morphology is an aspherical bony extension at the anterolateral and anterosuperior femoral head, characterized by elevated alpha angles (i.e. axial and radial alpha angles >50. 5 or 60 , respectively) [1] [2] [3] [4] , and a leading factor to femoroacetabular impingement syndrome (FAIS) and early hip osteoarthritis (OA) [5] [6] [7] . The presence of the cam morphology along with a lower femoral neck-shaft angle [4, 8] can contribute to the onset of symptoms including groin or hip pain during activity or during sustained periods of hip flexion, such as sitting [6, 9] . The cam-FAIS can be confirmed through imaging (e.g. computed tomography-CT) and patients typically test positive during a flexion, adduction and internal rotation physical examination [10, 11] .
FAIS symptoms are first treated with conservative methods [12] [13] [14] [15] ; however, once conservative methods are exhausted, surgical correction, an osteochondroplasty of the femoral head-neck junction [16] , is often required [12, 17, 18] . The surgery for FAIS is done through either open [19] [20] [21] or arthroscopic [22] [23] [24] [25] [26] procedures. Patient-reported outcome measures (PROMs) have V C The Author(s) 2019. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com indicated that both surgical methods are effective at reducing pain and improving quality of life [27] [28] [29] [30] .
Although PROMs have given insight into the success of surgical correction on patients with FAIS, only a limited number of studies have objectively compared patients before and after surgery using biomechanical outcomes [31] [32] [33] [34] [35] [36] [37] mainly during gait. This task does not place patients in a near impinged position. Only three studies have compared FAIS patients pre-and post-operatively during tasks with extreme hip flexion [32, 37, 38] . For the surgical treatment of femoroacetabular impingement, it is unknown how this affects the muscle strength at the hip during isometric contraction or joint biomechanics and muscle activity of the hip muscles during activities with a large range of motion. Therefore, comparing the strength, kinematics and muscle activity during a deep squat task in FAIS patients before and at 2-year following surgery can provide insight into optimizing function for those suffering from FAIS.
The purpose of this study was to examine if post-operative FAIS patients have improved the squat depth, pelvic and hip range of motion, hip muscle strength, or differ their hip muscle activity pattern compared with their preoperative condition.
MATERIALS AND METHODS
This study had a prospective, matched case-control design (level III evidence). Eleven male patients with unilateral symptomatic cam-FAIS were compared with eleven male body mass index (BMI)-, age-matched-healthy controls (CTRL)- Table I. FAIS patients had a positive impingement test and presented a cam morphology >50.5  and  60 in the oblique axial and radial planes, respectively [1-4, 39, 40] . For the purpose of this study, CTRL participants were also submitted to CT scan before their participation to discard the presence of the cam morphology. Participants were excluded if they had any musculoskeletal or neurological disorders, degenerative diseases, previous major lower limb injuries or a BMI >30 kg m
À2
. FAIS participants went for motion analysis testing before receiving surgery and at minimum 2 years post-operatively (25.05 6 1.13 months), whereas CTRL participants performed the testing protocol once. The study was approved by the hospital and university research ethics boards, and all participants signed and provided informed consent before their participation in the study.
Four of the FAIS patients underwent corrective surgery, an osteochondroplasty of the femoral head-neck junction, with an open approach with surgical dislocation and seven had surgery with an arthroscopic approach, all performed by the same surgeon. Surgeries were followed by a standard 6-week physiotherapy program.
After completing the CT scan examination, all participants were transferred to the motion capture laboratory at the local university where they completed the Hip Disability and Osteoarthritis Outcome Score (HOOS) questionnaire and performed two trials of sit-and-reach flexibility test with the feet level at 20 cm [41] . Wireless electromyography (EMG) probes (BTS FreeEMG 300, Padova, Italy) were placed on the 'rectus femoris' (RF), 'biceps femoris' long head (BF), 'semitendinosus' (ST), 'gluteus medius' (GMed), 'gluteus maximus' (GMax) and 'tensor fasciae latae' (TFL) muscles of both limbs according to SENIAM guidelines to record muscle activity [42] . Two maximal voluntary isometric contractions (MVICs) were captured using a hand-held dynamometer (model 01163, Lafayette Instrument, Lafayette, LA, USA) for each task and were separated by a 30 s resting interval (Table II) . A comparison between flexion/extension strength ratio was also performed in order to determine leg strength imbalance.
Three-dimension motion analysis was collected using 10 infrared cameras (MX-13, Vicon, Oxford, UK) and 45 retroreflective skin markers placed on anatomical landmarks as the UOMAM marker set [43] . Participants completed five deep squats to their maximal depth at a controlled and self-selected pace. They were instructed to place their feet hip-width apart, directed anteriorly, with toes and heels in full contact with the ground during the entire squat cycle. The squat trials were separated into descending and ascending phases, and squat depth was normalized with respect to their leg length; the distance between the anterior superior iliac-spine to the medial malleolus. EMG and motion data were exported into a custom built Matlab script (MathWorks, Natick, MA, USA) for extraction and processing. Motion trajectories were filtered using a Woltring filter (MSE ¼ 15 mm 2 ). Pelvic and hip sagittal ROM, along with peak hip flexion, peak hip abduction and peak knee flexion were extracted and averaged between the five trials. EMG data were filtered using a bandpass filter (20-450 Hz) and rectified. From the rectified signal, peak linear envelope (PeakLE) and total muscle activity (iEMG-integral of the linear envelope signal) were determined for each muscle during each phase of the squat and normalized by their MVIC. The data were then averaged between the five trials and with respect to each group in order to be analysed. All data were explored for normality. Comparisons between pre-and post-operative were made using either a paired t-test or its non-parametric equivalent Wilcoxon signed rank test. To compare differences between the FAIS conditions and the CTRL group, a one-way ANOVA was used with a Bonferroni post-hoc comparison, to determine where significant differences occurred (CI ¼ 95%). The effect size was calculated with Cohen's d and was considered as either small
RESULTS
The FAIS patients reported significantly improved HOOS on all measures on their follow-up compared with their pre-operative values (Table I) . No significant differences amongst the groups were found in the sit-and-reach flexibility test.
Squat depth for the three groups is illustrated in Fig. 1 . Between the pre-operative and post-operative conditions for the FAIS group, there was no change in squat depth as they achieved as average a squat depth of 33.1% leg length and 34.2% leg length (0% representing the lowest squat depth), respectively. The CTRL group was able to squat significantly lower (27.0%) than both the pre-and post-operative FAIS conditions (P < 0.01; d > 0.65), suggesting a moderate to high effect size.
At 2-year follow-up, FAIS patients showed decreased muscle strength compared with their pre-operative values for all hip MVIC tasks, but the results were not statistically significant. When comparing strength measures to the CTRL group, while there were no differences with the preoperative condition, post-surgery the FAIS patients were significantly weaker during hip flexion (P ¼ 0.032, d ¼ 0.83) and hip abduction with flexion (P ¼ 0.027, d ¼ 0.87) tasks (Table II) . A comparison between flexion/ extension strength ratio (FAIS pre-op 1.08 6 0.46; FAIS post-op 1.28 6 1.00 and CTRL 1.68 6 0.94) showed a significant difference when comparing the pre-operative patients with the CTRL (P ¼ 0.034, d ¼ 0.83).
Pelvic sagittal ROM was significantly greater post-operatively compared with the pre-operative condition for both descent (P ¼ 0.016, d ¼ 0.87) and ascent (P ¼ 0.047, d ¼ 0.68) phases of the squat in both cases suggesting a high to moderate effect size (Table III) . Although the FAIS group was able to achieve greater peak hip flexion following surgery, the difference was not significant (P ¼ 0.054, d ¼ 0.66) between pre-and post-operative conditions, nor for hip sagittal ROM. No significant differences were observed in hip abduction, and knee flexion (Table III) , as well as when compared with the CTRL group.
During the squat descent phase, the post-operative patients had decreased PeakLE for the glutei (GMax and GMed) and RF muscles, but increased for the ST muscle, when compared with their pre-operative values ( Fig. 2A) . No differences in PeakLE existed between pre-operative and post-operative conditions during the squat ascent phase (Fig. 2B ). The post-operative patients had increased iEMG for the GMed and the TFL muscles during the squat descent (Fig. 2C) and ascent ( Fig. 2D ) phases, respectively when compared with their pre-operative condition. Both hamstring muscles (BF and ST) had an increase in iEMG for both phases of the squat; however, it did not reach significance.
DISCUSSION
The osteochondroplasty of the femoral head-neck junction has been chosen as an option to relieve pain for cam-FAIS patients; however, with only a few studies objectively measuring the biomechanical outcomes before and after surgery [32-34, 36, 44] , the evidence is primarily limited to PROMs. Of the few biomechanical studies, most have made comparisons during gait that does not require an extreme ROM of the hip, such as a deep squatting task. Table II Using the squat task to compare the biomechanics and muscle activity in patients before and after surgery can empirically evaluate if the patients have improved their function and mobility at near impingement. In our study, we found that the post-operative participants have increased pelvic ROM, but this did not translate to improved squat depth or an increase in hip ROM. At the 2-year follow-up, post-operative patients were weaker when compared with their matched-healthy CTRLs when tested isometrically for hip flexion and hip flexion combined with abduction. Also, the maximum muscle activity and total muscle activity changed during squat performance.
Several studies examined the biomechanics of a squat movement or have reported squat data in pre-operative patients with FAIS [38, [45] [46] [47] [48] . Four of the previous studies examined maximal squat depth [8, 38, 48, 49] , whereas the other study had patients perform a squat to 25% of the total body height at a controlled speed [45] ; thus making it difficult to compare our results to the latter. Only two studies had compared squat depth between pre-and postoperative conditions [32, 37] . Our study showed an average squat depth of 33.1% (pre-op) and 34.2% (post-op) of the leg length, which are similar values measured by previous studies [32, 37] . Only one of these studies found a significant difference between pre-and post-operative conditions [32] whereas the most recent one did not show any statistical significance between the conditions [37] like the present work. For both studies [32, 37] their cohort had similar mixed surgical approaches as the current study. We cannot conclusively determine if squat depth has changed following corrective surgery. In our study, the maximum squat depth on the post-operative patients did not improve from the pre-operative condition, and it remained still higher than on the controls.
Normally when standing, the pelvis remains in neutral position, and while squatting, it tilts anteriorly and returns to its neutral position at the deepest part of the squat. When standing up, the pelvis tilts anteriorly once more and returns to its neutral position when upright. At the 2-year follow-up, the FAIS patients have shown increased pelvic mobility during the squat task, although no differences in peak hip flexion or hip ROM were observed. Previous studies also did not find any significant differences in hip kinematics during a squat task [32] . An improving in the pelvic ROM, but not at the hip joint, could help to justify why the ultimate measurement, the squat depth, was not improved, although being performed with different kinematics. Perhaps less pain had a positive effect on the pelvic ROM that was not transferred to the hip, limiting the squat depth performance. The hypothesis raised is that after many years of dealing with pain at end ranges of motion while waiting for corrective surgery may have caused soft tissue stiffening and contraction imbalance of the muscles surrounding the hip joint. This was verified by the flexion/extension hip strength ratio analysis, where the pre-operative patients showed an anteroposterior muscle force imbalance when compared with the healthy CTRLs. A recent systematic review has suggested that in patients with hip stiffness, a capsular release may be appropriate [50] during an FAIS corrective surgery. Soft tissue stiffness would affect movement, especially during closed chain tasks such as the squat. Perhaps the laxity of stiff soft tissue structures may be a strategy to allow also hip ROM improvements. We measured sit-and-reach flexibility and found no difference between the pre-and post-operative values. As this test limits the flexibility measured of the back and hamstrings only, future research should compare the active and passive ROM of the hip in patients before and after the corrective surgery. Also, aftercare rehabilitation should aim at improving the flexibility of the soft tissues and muscles surrounding the pelvis and hip, which may improve joint mobility during open and closed chain tasks.
Muscle strength is another important factor that will need to be addressed following surgery in FAIS patients. The post-operative FAIS patients were weaker during pure hip flexion and hip flexion-with-abduction compared with the CTRL participants during the isometric test. Therefore, aftercare rehabilitation should focus on improving the muscle strength during these movements, as the strength gain in combination with flexibility will improve hip mobility. Previous studies on hip muscle strength in pre-operative FAIS patients during isometric tasks showed that hip flexors and TFL muscles were also significantly weaker compared with a control group [51] . Although the Fig. 1 . Squat depth normalized to the percentage of leg length for the FAIS group before and after surgery, compared to the healthy CTRL. †Significant difference (P < 0.01) compared with CTRL.
differences in this study arose only at the 2-year follow-up patients, the conclusions remain the same, as patients with FAIS present muscle weakness for the hip flexors muscle groups; which also led to a muscle imbalance regarding the ratio between hip flexion and extension strength, when compared with the CTRL participants. As muscle weakness in OA individuals can be an indicator of progression [51, 52] , the assumption that FAIS could potentially lead to hip OA [6, 7, 53] is asserted. Therefore, the findings of this study support the assessment of hip muscle strength in routine clinical examinations to help diagnose FAIS [51, 54] .
Post-operative FAIS patients used differently the muscle activity synergies in the hip compared with pre-operative conditions. PeakLE EMG has shown a higher peak activation of the ST, while both glutei muscle and the RF lowered during the descent phase of the squat. The total muscle activation also demonstrated an increase for the GMed and the TFL during squat descending and ascending, respectively. Excessive ST activation in symptomatic cam-FAIS during the squat has already been reported [49] . During the descent phase of the squat, the ST acts eccentrically to control the movement, in the FAIS the ST over activates to compensate the hip flexor weakness and allow the task to be performed; as a biarticular muscle, it can be associated with the limited pre-operative pelvic tilt and highlights the muscle unbalance. GMax total muscle activation was also significantly lower at the 2-year follow-up when compared with the CTRL group. Perhaps the muscle peak activation reduction observed in the glutei, and RF muscles have been caused by microarchitectural changes, such as surgery trauma, leading to a rearrangement of the muscular tissue [55, 56] . Although positive improvements were reached post-operatively in the 'function, sports and recreational activities' section of the HOOS questionnaire, it is uncertain if the FAIS in our study maintained their same pre-operative activity levels following surgery, as this might have influenced the decrease in strength observed in our findings. Future research should examine muscle fiber composition and architecture in FAIS patients prior to and following corrective surgery [56] . This study had certain limitations. First, our cohort consisted of only male participants; however, as the cam morphology only is statistically more prevalent in males [57] [58] [59] , this study concentrated only on this population. Still, future surgical studies on FAIS should include females for a sex comparison. Second, this research did not focus on comparing surgical approaches since our cohort was not large enough for achieving a meaningful power. However non-parametric analysis showed no differences in the analysed variables amongst the approaches. It has been suggested that the arthroscopic approach offers better muscle preservation, which could provide a better joint function [28, 30, 60] . As a minimum of 2 years was used for the patients' reassessment, we believe that no shortterm benefits between the two approaches would have arisen after 2 years, also in a mixed approach cohort, a 2-year follow-up have showed that FAIS surgical correction was associated with decreased T1q and bone mass density, improving the overall health of the hip joint [37] . Additionally, one systematic review has shown that one approach is not significantly superior to the other [30] . Third, we did not control for the speed of the squat between participants. Participants were instructed to squat at a controlled and self-selected pace. The speed of movement could affect the joint moments and EMG variables, however, we believe that speed would have minimal effect on kinematics variables.
Although at the two-year follow-up surgical correction analysis the cam-FAIS patients did not improve the squat depth, they have shown increased pelvic ROM and positive PROMs. The weakness of muscles associated with hip flexion and flexion-with-abduction were also observed at the follow-up, which may be associated with the alterations in the muscle activity and neuromuscular patterns. The use of squat test pre-and post-surgical correction of cam morphology can provide valuable information for the clinical practice while identifying pelvic mobility in a dynamic task. The rehabilitation program should focus on increasing the flexibility and strength of muscles around the pelvis and hip, with particular attention on strengthening the hip flexors and TFL muscles. Increasing flexibility of other lower extremity muscles should not be overlooked as it will improve mobility during closed kinetic/kinematic chain tasks. Implementation of hip muscular strength measurement before and after surgery may provide additional insights into the rehabilitation program, as muscle weakness may have caused a change in the muscular contraction strategy, and also as a tool to evaluate muscle strength balance. 
